In addition to their crucial role in membrane structure in Saccharomyces cerevisiae, sphingolipids serve vital roles in various aspects of yeast biology including endocytosis, intracellular protein transport and stress responses. Although previous studies have unequivocally demonstrated the sphingolipid requirements for these processes, few studies have contributed mechanistic information. We have used a systems approach including microarray, lipidomics and metabolic modelling to better understand (i) biochemical relationships between various branches of sphingolipid metabolism and pathways and contributing pathways such as fatty acid metabolism and phospholipid synthesis, (ii) the changes in cellular sphingolipid composition under various conditions and (iii) the effects of these changes on the transcriptional profiles and subsequently, cell phenotypes. Thus far, these approaches have indicated roles for sphingolipids in major transcriptional changes in response to heat stress, carbon source utilization, sporulation, cell wall integrity and other basic cellular functions. Although the yeast genome is fully sequenced, nearly 50% of all transcribed open reading frames remain uncharacterized with regard to cellular function; therefore, a major advantage of this approach is the ability to identify both biochemical and biological roles for enzymes and their products within broad cellular contexts.
Introduction
Sphingolipids constitute an important class of biological molecules, contributing a major portion of cell membrane lipids and serving integral structural and transport roles. Additionally, much recent evidence supports a role for sphingolipids in the regulation of vital cell processes through modulation of signalling pathways. Specifically, in the yeast Saccharomyces cerevisiae, sphingolipids mediate diverse functions including endocytosis [1] , membrane targeting and assembly of membrane proteins [2, 3] , and the orchestration of multi-faceted stress responses [4] [5] [6] .
Sphingolipid metabolism
De novo sphingolipids derive from linkage of serine at its α-carbon to an acyl chain (in yeast usually palmitic or stearic acid), forming the intermediate 3-ketodihydrosphingosine, which is quickly reduced to form a sphingoid base, dihydrosphingosine. Dihydrosphingosine may be further hydroxylated to form 4-hydroxydihydrosphingosine (phytosphingosine). Dihydro-and phytosphingosine are the major sphingoid bases in yeast, and their N-acylation forms (dihydro-or phyto-) ceramides, whereas their phosphorylation results in sphingoid base phosphates (dihydro-or phytosphingosine 1-phosphate). Furthermore, the ceramides can Key words: heat stress, Isc1p, serine palmitoyltransferase, sphingolipid, yeast. Abbreviations used: Isc1p, inositolphosphorylceramide-phospholipase C; LC, liquid chromatography; SPT, serine palmitoyltransferase. 1 To whom correspondence should be addressed (email cowartl@musc.edu). undergo addition of one or two inositol phosphate headgroups, and/or a mannose residue. Importantly, for nearly every reaction in this biochemical pathway, enzymes exist that catalyse the reverse reaction. Thus cleavage of inositolphosphoceramides by Isc1p (inositolphosphorylceramidephospholipase C) generates ceramide, ceramidase cleaves ceramides to generate the free sphingoid bases, and these in turn are phosphorylated or reacylated. These and other enzymatic steps generate the various sphingolipid species that comprise this lipid class, and regulation of these enzymatic steps determines the cellular content of various sphingolipid species, or the sphingolipid profile. Fortunately for investigators, virtually all eukaryotes contain a similar 'blueprint' of sphingolipid metabolic pathways. Thus, in addition to inspiring their own interest, yeast systems continue to contribute to understanding the workings of this important biochemical pathway. Major steps in yeast sphingolipid synthesis are represented in Scheme 1. A more detailed review of sphingolipid synthesis can be found in [7] .
Sphingolipid metabolism during the yeast heat-stress response
Sphingolipids were initially discovered in yeast as major components of cell membranes. Indeed, complex sphingolipids (i.e. ceramides with mannose and/or inositol phosphate headgroups; Scheme 1) comprise roughly 10% of membrane lipids with the remainder as glycerophospholipids and sterols [8] [9] [10] . The relatively recent discovery that yeast respond to
Scheme 1 Scheme of sphingolipid metabolism in S. cerevisiae
Sphingolipid synthesis begins by formation of sphingoid bases. Both dihydro-and phyto-sphingosine are subject to the subsequent reactions depicted, although, in the interest of space and simplicity, only the phyto-species are shown here.
For a more in-depth review of this pathway, please refer to [7] .
temperature shift (i.e. from 24-30 to 37-42
• C) with dramatic changes in sphingolipid metabolism indicated a role for sphingolipids in response to changing environmental conditions [11, 12] . This phenomenon is characterized by a transient flux through de novo sphingolipid synthesis, initially causing a 2-100-fold rise in various sphingoid bases, and leading later to an accumulation of both phyto-and dihydroceramide. Blocking this response compromises the ability of yeast cells to tolerate heat stress, indicating vital roles for these sphingolipid metabolites [5] . 
Findings from the lcb1-100 mutant
Underscoring the importance of sphingolipids for yeast biology was the finding that deletion of SPT (serine palmitoyltransferase) activity (the first step in de novo sphingolipid synthesis) is lethal [14] . Interestingly, identification of mutant strains that suppress the inviability of SPT deletion emphasized the importance of sphingolipids for overall yeast biology, as their suppressive mechanism was the formation of novel glycerophospholipids that presumably fulfilled some of the sphingolipid requirements (although not all, as these strains exhibit severe growth defects) [15] . Isolation of a temperature-sensitive mutant for the SPT subunit LCB1 (lcb1-100) [1] significantly advanced the field by providing an ideal strategy for investigating the roles of heat-induced de novo sphingolipids, thus allowing the identification of many roles for sphingolipids during heat stress. These sphingolipids facilitate degradation of nutrient permeases [16, 17] , transient cell-cycle arrest [5] , gene regulation [6] and translational initiation of heat-shock protein mRNAs (K.D. Meier and H. Riezman, personal communication), all of which are known responses of the yeast heat-stress response. Mechanisms of sphingolipid action in these processes are currently under investigation, with one potentially important pathway involving sphingoid base signalling through the Pkh1p kinase [18] [19] [20] [21] [22] .
Insights from deletion mutants
Using the lcb1-100 temperature-sensitive allele to identify sphingolipid roles during heat stress provided a powerful strategy; however, the blockage of all de novo sphingolipid synthesis obscures the respective contributions of each specific species to the overall heat-stress response. Therefore how does one dissect which downstream metabolic Deletion of the sphingoid base kinases, LCB4 and LCB5, causes accumulation of sphingoid bases and depletion of phyto-and dihydro-sphingosine 1-phosphate (results not shown). Microarray analysis of gene transcription changes resulting from deletion of these enzymes revealed the upregulation of many genes in the cell wall integrity pathway (results not shown) relative to the parental strain. The data led to the hypothesis that the lcb4/lcb5 double deletion strain exhibits a compromised cell wall and that the cell attempts to compensate for the defect by up-regulation of these genes. Indeed, assays of cell wall integrity revealed that this mutant's cell wall resists zymolase treatment to a lesser extent than its parental strain, indicating compromised cell wall integrity (results not shown). Further studies of this mutant and its defects will elucidate the role of sphingosine kinases in yeast cell wall integrity. Additionally, several gene families showing abnormal expression patterns during heat stress may provide further insights into the putative targets for phyto-and/or dihydro-sphingosine phosphate-mediated signalling (Scheme 2).
In addition to downstream steps of de novo synthesis including phytoceramide synthesis and sphingoid base kinase activity, the hydrolysis of complex sphingolipids by Isc1p yields ceramide (and potentially other sphingolipids by further metabolism of ceramide). Recent studies provide evidence that, in addition to de novo synthesis, this hydrolytic pathway functions during heat stress, contributing to the accumulation of ceramide species over 2 h (L.A. This observation helped to explain why deletion of the ISC1 gene does not contribute to heat-mediated cell-cycle arrest or major changes in gene regulation, but contributes instead to sporulation and growth on non-fermentable carbon sources, two pathways to which de novo sphingolipid synthesis is not known to contribute (L.A. Cowart, Y. Okamoto, X. Lu and Y.A. Hannun, unpublished work). Thus knowledge of the biochemical differences (e.g. chain length) between the two pools allows more in-depth understanding of the distinct cellular functions of these sphingolipids; however, other differences between these pools, for example, the topology of their formation, have not yet been ruled out as the cause for their differing functions.
Conclusions
The advent of high-throughput techniques has enabled rapid accumulation of data and subsequent improvements in conceptualizing experimental problems. For example, although several well-established chromatographic methods for sphingolipid analysis exist, the recent development of LC/ MS methods allow for more precise determination of lipid molecular species (including chain length determination and rigorous quantification) often with a single injection. This rapid and specific approach is now used by our laboratory and others to tease out intricacies of sphingolipid metabolism at a far more in-depth level than previously possible. This detailed knowledge has led to increased understanding of this metabolic pathway and its cellular functions. Furthermore, microarrays and the solution of the S. cerevisiae genome continue to allow rapid advances in the understanding of gene regulation in response to various perturbations of sphingolipid metabolism, and, notably, our understanding of the roles of sphingolipid metabolism in the heat-stress response. Integration of information gained from each of these techniques in sphingolipid metabolism mutants will eventually yield a predictive model of sphingolipid formation in response to stress, and subsequent cell changes resulting from the metabolites produced. In this model, changes in environmental conditions precipitate sphingolipid metabolism through effects on enzymes in the sphingolipid biosynthetic pathway, resulting in an altered sphingolipid profile. The altered profile then causes changes in gene expression that enable the cell to adapt to the new conditions. Major areas for further investigation include the mechanism(s) by which enzymes of sphingolipid metabolism are regulated as well as mechanisms of sphingolipid-mediated gene regulation.
